[1] This paper gives a synoptic view of the Cenozoic evolution of the Swiss Alps and their northern foreland basin. In this orogen, deep crustal processes (subduction, nappe stacking, underplating, and exhumation) are intimately linked with surface processes (surface uplift, erosion, basin formation, and basin-axis migration). Within the foreland basin the spatial pattern of subsidence and alluvial fan construction suggests that an increase in flexure of the foreland plate and the creation of relief in the orogen migrated from east to west in the course of collision. In the orogen itself, crustal thickening involved lower crust of the Adriatic margin in the east and the European margin in the west. Exhumation of upper crustal units occurred earlier in the east as compared with the west. An Adriatic mantle wedge (the Ivrea body) and its associated wedge of lower crustal material are identified as an extra lithospheric load which contributed to downward flexure of the European plate. As a result of enhanced subsidence of the foreland plate, relief was generated presumably in order to adjust to critical taper geometry. It appears, therefore, that the westward motion of the Adriatic wedge ultimately caused the contemporaneous westward propagation of the location of enhanced rates of alluvial fan construction. Coeval strike-slip and N-S convergence juxtaposed the Adriatic wedge sequentially to different European upper crustal units which resulted in different styles of crustal structure and evolution along strike within the orogen.
Introduction
[2] The geometry of lithospheric downwarping during collision between two plates results from a complex interaction between surface loads which are added as the orogen grows (topographic loads), deep lithospheric loads acting on the downgoing lithosphere, and slab pull [Turcotte and Schubert, 1982] . Topographic loads form in geodynamic settings where the material flux down the subduction zone is less than the incoming flux. This results in the buildup of an orogenic wedge with a pro-wedge on the incoming side, and a retrowedge on the opposite side [Beaumont et al., 1999] . These wedges grow by incorporation of accreted material scraped off the incoming plate. Material entering the wedge gets deformed, uplifted, and exhumed. Deep lithospheric loads are the result of the replacement of light continental upper crust by denser rocks of lower crustal or mantle origin as continent-continent collision proceeds.
[3] Karner and Watts [1983] , Lyon-Caen and Molnar [1989] , and Royden [1993] explored the forces that cause the present deflection of the North Alpine foreland (Molasse Basin) of the Swiss Alps. Using flexural models, Royden [1993] concluded that the present-day shape of the Swiss Alps (i.e., the topography and the large-scale structures at depth) can be explained by a combination of topographic loads (i.e., Alpine edifice made up of a nappe stack of upper crustal material) and deep lithospheric loads (i.e., mantle loads at depth). Royden, however, did not consider the situation between the Oligocene and the Miocene.
[4] The flexural pattern of the foreland on the opposite side (South Alpine foredeep, Po Basin) was recently explored by Bertotti et al. [1998] . They found that the curvature of the loaded plate increased between the late Paleogene and the Tortonian, suggesting progressive weakening of the flexed plate. Bertotti et al. [1998] thought that the inferred weakening was caused by a practically complete decoupling of the upper-middle crust from its mantle substratum as orogenesis proceeded.
[5] Between the Oligocene and the Miocene the evolution of the Alps changed from a phase of frontal accretion to a phase of internal thickening. An understanding of the driving forces for that time will therefore significantly enhance our knowledge about the Alpine system (which includes the foreland basins).
[6] In this paper we relate the three-dimensional deflection geometry of the North European foreland plate of the Swiss Alps between the early Oligocene and the middle Miocene to deep crustal processes. Specifically, we discuss the role that a dense lower crustal and mantle wedge, which was forced into the light upper European crust, played in basin formation processes. The location of the wedge and the subduction geometry was reconstructed for the late Oligocene and the early and middle Miocene, using data about the chronology and the magnitude of crustal shortening in the Swiss Alps [Schmid et al., 1996 [Schmid et al., , 1997 . These TECTONICS, VOL. 21, NO. 2, 1009 , 10.1029 /2000TC900039, 2002 Copyright 2002 by the American Geophysical Union. 0278-7407/02/2000TC900039 time slices were selected on the basis of well-defined stratigraphic sections [e.g., Kempf et al., 1998 ] and crosscutting relationships between temporally calibrated metamorphic fabrics and tectonic structures of the evolving Alps [Schmid et al., 1997] . Reconstruction of the deflection geometry of the foreland plate was done using a compilation of published compacted thicknesses of foreland sequences. Additionally, we synthesized the temporal and spatial evolution of the large-scale drainage pattern of the foreland, which bears information about the formation of relief of the rising Alps and the regional tilt of the foreland basin.
Geologic Setting
[7] The Swiss Alps, also referred to as the central Alps, form the transition between the E-W striking Eastern Alps and the N-S striking Western Alps. The North Alpine foreland basin straddles the Eastern Alps in the north and merges with the Vienna Basin in the east. It narrows going west, such that it pinches out in the Western Alps. In the segment of the Swiss Alps it forms the classical Molasse Basin (Figure 1 ). The Jura Mountains, an external fold and thrust belt of the Alps, formed in the most distal part of the Molasse Basin. Shortening associated with the Jura Mountains is linked at depth to the Alps, making the Molasse Basin, in fact, a piggyback basin. To the south of the Swiss Alps, we find the Po Basin, a peripheral foredeep shared by the Apennines and the Alps (Figure 1 ).
The Alps
[8] The Swiss Alps contain a number of nappe systems that have traditionally been grouped according to the paleogeographic parentage of their Mesozoic sedimentary sequences. The Helvetic nappes (Figure 1 ) represent the former shelf and slope areas of the European margin. The Penninic nappes contain remnants of three domains: (1) the Valais trough, a basin that formed in the distal stretched part of the European margin, (2) the swell region of the Briançonnais microcontinent, and (3) the Piemont ocean, a narrow transform-fault dominated ocean that opened between the Eurasian and Adriatic-African plates in Jurassic times. The Austroalpine nappes together with the Southalpine nappes (often referred to as Southern Alps) represent the subsided margin of the Adriatic (or Apulian) microplate, which is here considered as a promontory of the African plate [Channell, 1992] .
[9] The shallow crustal structure of the Swiss Alps has been studied extensively by numerous geologists in the past. Structural work revealed a bivergent nappe stack (Figures 2a and 2b ). In the Helvetic and Penninic nappes, thrusting was north directed. The nappe stack contains three types of nappes: (1) thrust sheets made up of crystalline basement, (2) thrust sheets consisting of Mesozoic-Cenozoic sediments, and (3) thrust sheets containing Mesozoic ophiolites and associated oceanic sediments [Pfiffner, 1993b; Schmid et al., 1996] . In the Southern Alps, thrusting was south directed, and the nappe stack involves two types of thrust sheets: crystalline basement and Mesozoic-Cenozoic sediments [Schumacher et al., 1997] . The Austroalpine nappes overly the Penninic nappes. Their evolution is due to a more complex deformation pattern characterized by compression and extensional collapse [Froitzheim et al., 1997] . At a deeper level the Alps display an asymmetric structure with lower crust and lithospheric mantle of the European margin being subducted beneath equivalent units of the Adriatic margin [Pfiffner et al., 1997a] .
North Alpine Foreland Basin
[10] The stratigraphic development of the peripheral North Alpine foreland basin (Figure 1 ) can be described in terms of early turbiditic deep-water sediments (underfilled Flysch stage, Late Cretaceous to Eocene) and later shallow-water/continental sediments (overfilled Molasse stage, Oligocene to Miocene) [Sinclair and Allen, 1992; Lihou and Allen, 1996] . These sediments accumulated on a Mesozoic sequence of marls and carbonates that form the sedimentary cover of the North European foreland plate [Sinclair et al., 1991] . The Molasse deposits, which represent the late overfilled stage of the evolution of the North Alpine Foreland Basin [Sinclair and Allen, 1992; Sinclair, 1997a] , have traditionally been divided into four lithostratigraphic groups that form two shallowing and coarsening upward stratigraphic sequences [Matter et al., 1980] . The oldest sequence comprises the early Oligocene (34 -30 Ma) Lower Marine Molasse group (Untere Meeresmolasse (UMM)), which is overlain by the late Oligocene to early Miocene ($30 -20 Ma) fluvial clastics of the Lower Freshwater Molasse group (Untere Süsswassermolasse (USM)). During these times, drainage systems with sources in the evolving Alps were transverse within the Alps, but turned orogen-parallel into a northeastward flowing axial submarine (UMM) or terrestrial (USM) drainage [Füchtbauer, 1964; Sinclair, 1997b] . The second sequence started with deposition of the 20 -16.5-Myr-old shallow-marine sandstones of the Upper Marine Molasse group (Obere Meeresmolasse (OMM)). These deposits interfinger with large fan-delta deposits adjacent to the thrust front [Homewood et al., 1986; Keller, 1989; Kempf et al., 1998 ]. The second sequence ended with accumulation of fluvial clastics of the Upper Freshwater Molasse group (Obere Süsswassermolasse (OSM)) at $13.5 Ma. During deposition of the OSM, the orogen-normal Alpine paleorivers drained into a southwestward flowing orogen-parallel (OSM) drainage [Matter et al., 1980] .
[11] Along the southern border of the foreland basin, the Molasse deposits are present in a stack of southward dipping thrust sheets referred to as Subalpine Molasse in classic Alpine literature (Figure 1 ). The Plateau Molasse, which represents the more distal part of the basin, is mainly flat lying and dips gently toward the Alpine orogen. Thrusting in the Subalpine Molasse was contemporaneous with sedimentation [Homewood et al., 1986; Pfiffner, 1986; Kempf et al., 1998 ].
Structure and Evolution of the Alpine Orogen

Crustal Structure in Profile View
[12] The crustal structure of the Swiss Alps is known in some detail owing to a wealth of geophysical data, involving refraction and reflection seismic data, as well as extensive structural work. The most recent data, which were in part gathered in the framework of the National Research Program NRP 20, are compiled by Pfiffner et al. [1997a] .
[13] The crustal structure is displayed in Figure 2 along three transects. Two transects (Figures 2a and 2b ) are orogen normal and show a nappe stack of upper crustal units overlying an asymmetric subduction zone that involves lower crust and mantle lithosphere. The third transect (Figure 2c ) is orogen parallel and shows the lateral variation of the crustal structure. [Pfiffner and Hitz, 1997; Schmid et al., 1997] . The cross section shows that the European lithospheric mantle and the lower crust of the European margin have been subducted beneath the Adriatic lithosphere. Doubling of the Moho is observed in seismic data to a depth of around 70 km. The Adriatic lower crust forms a wedge whose tip is overlain and underlain by crust of European provenance. The thickness of this lower crustal wedge is larger than the thickness of the lower Adriatic crust observed farther south, which suggests that deformation shortened and thickened it. An Adriatic mantle wedge overlies the lower crust of the subducted European margin. The upper crust is thickened by imbricate thrusting, which is north vergent north of the Insubric Line and south vergent to the south of it. The Insubric Line itself is a major fault with a reverse and strikeslip component [Schmid and Kissling, 2000] . The basal thrusts of the units to the north of the Adriatic lower crustal wedge and the Insubric Line are overprinted by ductile folding (postnappe folding in Alpine literature). Synorogenic magmatics of Cenozoic age (Bergell intrusion) intruded just north of the Insubric Line. The European crust was decoupled from its lower crustal substratum and subsequently shortened and thickened by imbricate thrusting. The northernmost unit, the Aar massif, forms a broad antiform with a steeply south dipping southern limb. Two foredeeps filled by Cenozoic clastics can be recognized: the Molasse Basin in the north, and the Po Basin in the south. Both foredeeps are synorogenic in nature as indicated by Helvetic and Southalpine thrust sheets that now overly their proximal parts.
[15] Figure 2b is a cross section following the Western Traverse of NRP 20 [Escher et al., 1997; Pfiffner et al., 1997b] , but has been extended south into the Po Basin for this paper. Similar to the situation in the east (Figure 2a ), the lower crust of the European margin extends to beneath the Adriatic mantle wedge. Lower crust of the distal European margin and the originally adjacent Valais and Briançonnais units is, however, piled up in front of this mantle wedge. The general distribution of mantle and lower crustal rocks is in accordance with geophysical data [Valasek, 1992; Valasek and Mueller, 1997 ], but we interpret the provenance of the lower crustal wedge differently. Unlike farther east, the Adriatic upper crust in this section shows much less shortening at the surface and therefore requires a much smaller volume of lower crust to obtain a balanced section. Thus we conclude that the lower crustal wedge, as defined by geophysical data, is derived from the European crust and not from the Adriatic as proposed by Escher et al. [1997] . Our interpretation resembles the situation in the French-Italian Western Alps as discussed by Schmid and Kissling [2000] . The Ivrea lower crustal section corresponds to the deformed front of the Adriatic wedge. The upper crustal section north of the Ivrea zone is characterized by imbricate thrusting and by the occurrence of large-scale back-folds which affect the Monte Rosa and adjacent units, as well as the southern part of the Aar massif basement uplift.
[16] The internal structure of the Penninic nappes of the two transects differs in style. Both styles can be traced toward the Maggia transverse zone, which is located between the two transects ( Figure 1) . A correlation of individual tectonic units across the Maggia transverse zone, however, is not possible (Figure 2c ). The Maggia ''nappe'' itself has a synformal structure striking NNW-SSE, i.e., perpendicular to the regional strike [Merle et al., 1989; Klaper, 1990; Pfiffner et al., 1990] .
[17] The cross section in Figure 2c shows the variation in crustal structure in profile view along strike of the Alpine orogen. The Maggia transverse zone is located between the high-grade Lepontine and Toce areas. Exhumation of these terranes was associated with normal faulting along east and west dipping normal faults (Turba, Forcola, and Simplon faults) [cf. Mancktelow, 1992; Nievergelt et al., 1996; Meyre et al., 1998 ]. Within the upper crust, the Aar and Gotthard basement blocks can be traced along strike with some certainty, whereas the Simano-Adula (Figure 2a) , and the Verampio-Antigorio nappes (Figure 2c ) cannot be taken as direct equivalents and differ in style considerably. These basement blocks, although pertaining to the same Penninic nappe system, evolved independently, with the Maggia transverse zone acting as a lateral ramp structure. As will be discussed in section 3.3, nappe stacking and exhumation of the Penninic units occurred at an earlier time in the Lepontine area and the Eastern Traverse compared with the Toce area and the Western traverse.
[18] At the level of the lower crust, the cross section of Figure  2c shows the juxtaposition of two blocks consisting of European and Adriatic lower crust, which overlie the subducted European lower crust. The boundary geometry between the two wedges as shown in Figure 2c is speculative, but it intends to show a wrench fault zone separating two independently moving blocks.
Three-Dimensional Crustal Structure
[19] Extensive coverage of the Swiss Alps by the seismic lines of NRP 20 and earlier studies allowed the development of a threedimensional (3-D) model of the crustal structure [see, e.g., Valasek and Mueller, 1997; Waldhauser et al., 1998; Schmid and Kissling, 2000] . The 3-D geometry of this crustal structure is shown in Figure 3 by means of structure contour maps of the interface between upper and lower crust (Conrad discontinuity) and the crust-mantle boundary (Moho).
[20] Figure 3a shows the 3-D geometry of the Conrad discontinuity. The Conrad velocity discontinuity is taken as the top of the lower crust (with velocities of 6.5 km/s) underlying upper crust with velocities of 5.9 -6.2 km/s [Valasek and Mueller, 1997] . Along the sector of the Eastern and European GeoTraverse (trace ''a'') the European Conrad discontinuity dips gently south to beneath the tip of the Adriatic lower crustal wedge. Within the Adriatic crust the Conrad discontinuity forms an elongate high approximately beneath the trace of the Insubric Line. Along the Western Traverse (trace ''b'') the overall structure remains similar, but the structure contours turn into a N -S trend south of the Mt. Blanc basement uplift and follow the general strike of the Western Alps of France and Italy. As discussed in section 3.1, the lower crustal wedge between the Ivrea zone and the Aar and Mt. Blanc basement uplifts consists of European derived lower crust. Therefore, when going along strike to the east, there must be a boundary where European lower crust is replaced by Adriatic lower crust. In Figure 3a this limit is put just north of the eastern end of the Ivrea zone and corresponds to the position where shortening within the Adriatic crust, and thus the necessity for a lower crustal wedge for reasons of geometric balancing, is tapering off going west.
[21] Figure 3b illustrates the shape of the crust-mantle boundary. The European Moho dips gently SSE. The Adriatic Moho on the other hand forms an E -W striking elongate high 100 km south of the Insubric Line, with a depression in the area where the EGT crosses. The elongate high extends westward toward the outcropping Ivrea zone. Here the Moho is doubled and raised by thrust faulting and almost reaches the Earth's surface. The tip of the Adriatic mantle wedge straddles the Insubric Line, but then extends beyond the Ivrea Zone into the Western Alps.
Evolution
[22] The Swiss Alps are the result of two orogenies, a Cretaceous orogeny with mainly ENE -WSW convergence, and a Cenozoic orogeny which resulted from N -S convergence. A summary of the timing of the deformation phases is given by Schmid et al. [1996 Schmid et al. [ , 1997 for the eastern Swiss Alps, by Escher et al. [1997] for the western Swiss Alps, and by Schumacher et al. [1997] for the Southern Alps. The Cretaceous orogeny involved an eastward dipping subduction zone, which ultimately led to the building of the Western Alps of France and Italy and the Eastern Alps of Austria. In the central Alps of Switzerland, sedimentation continued up into the Eocene, which implies that the Helvetic and Southalpine as well as part of the Penninic nappes were not affected by this orogeny [see, e.g., Pfiffner, 1992] .
[23] A compilation of the orogenic events in the Swiss Alps between the Eocene and the present is summarized in Figure 4 . Along the transect through the eastern Swiss Alps (Figure 4a ) one recognizes that synorogenic sedimentation, preserved as Flysch and Molasse deposits, migrated from the orogen axis outward in time. Sedimentation in these foredeeps evolved from earlier, Cretaceous Flysch basins and persisted longer, up into Pliocene times in the Southern Alps. The main deformation phase is oldest in the center of the orogen (Eocene Ferrera phase in the Penninic nappes) and migrated outward to the north reaching the Helvetic nappes and the Aar massif in Oligocene and the Molasse Basin in Miocene times. During the same time, deformation migrated also to the south, involving Oligocene back thrusting along the Insubric Line and the Oligocene and Miocene Insubric and Lombardic phases in the Southern Alps. The phase of back thrusting was coeval with extensional faulting along the east dipping Turba and Forcola normal faults prior to 30 Ma and at circa 24 Ma, respectively. Peak temperatures were reached after this nappe stacking phase. A late phase of backfolding affected the area south of the Gotthard thrust sheet (Chiera backfold), where thrust faults and foliations were passively rotated into a steep to overturned position.
[24] In the western Swiss Alps a scheme similar to the one in the east is recognizable (see Figure 4b) . Folding of the Jura Mountains is the youngest event in the north. It was probably responsible for a clockwise rotation of 7°-14°after 14 Ma [Kempf et al., 1998 ] of the entire Molasse Basin during piggyback transport. Two phases of backfolding, Mischabel-Vanzone (in the Penninic nappes), followed by Berisal (affecting the southern Gotthard thrust sheet and adjacent units), can be distinguished (see also Figure 2b ). Berisal backfolding occurred contemporaneously with extensional activity along the west dipping Simplon normal fault.
[25] A comparison of the events in the east and west reveals similar ages for the Flysch and Molasse stages of the foreland basin evolution. Also, the general sequence of the main deformation phases for the Penninic and Helvetic nappes is similar, although in absolute ages the western Swiss Alps seem to have evolved some 5 Ma after their eastern equivalent. Complementary to this diachronous thrusting and nappe stacking, a remarkable set of coeval deformation events of highly variable style can be recognized. For example, back thrusting along the Insubric Line was contemporaneous to backfolding of the Gotthard basement block, thrusting in the Helvetic zone and the onset of thrusting in the Subalpine Molasse. It was also coeval with Mischabel-Vanzone backfolding Table 1 ). The sections which are located in the folded and thrusted part of the Molasse were restored to their palinspastic position using the available information about the timing and amount of shortening [Schlunegger et al., 1993 [Schlunegger et al., , 1997 Kempf et al., 1998 ]. Mapping of the isopachs was achieved by assuming constant thickness gradients between locations where stratigraphic data is available.
[27] The spatial pattern of initiation of alluvial fan construction is an important proxy for orogen-parallel variations in crustal processes in the Alps. We therefore synthesized data regarding the spatial pattern of initiation of conglomerate deposition. These data are taken from stratigraphic studies of for eastern Switzerland, Schlunegger et al. [1996] for central, and Berger [1996] for western Switzerland. Paleoflow directions which bear information about the regional tilt of the basin were taken from Diem [1986] for the UMM and from Matter et al. [1980] , Schlunegger et al. [1993] , and for the succeeding units. The distal border of the Molasse deposits at 30 Ma and in succeeding time steps is taken from palinspastic restorations [Homewood et al., 1986; Schlunegger et al., 1993 Schlunegger et al., , 1997 Kempf et al., 1998 ].
Three-Dimensional Evolution of Basin Architecture
[28] The spatial pattern of the onset of alluvial fan construction, i.e., the first occurrence of thick-bedded conglomerates within the Swiss part of the North Alpine foreland basin, is presented in Figure 5 , together with the distal pinch-out and paleoflow directions during UMM times. It shows a westward shift of the location of the first occurrence of thick-bedded conglomerates as alluvial fan construction started prior to 31 Ma in the east, at $30 Ma in the central part of the basin, and some 4 Myr later in the west. Figure 5 also implies an eastward tilt of the foreland plate prior to 30 Ma indicated by the NE-SW orientation of the distal pinch-out of the UMM. The east directed tilt of the foreland plate is also reflected by the east directed paleoflow drainage.
[29] We use the structure contours of the base of the foreland strata as proxy for the deflection of the foreland plate through time. Figure 6 shows the situation at 25, 20, 16.5, and 13.5 Ma. It also a A compilation and discussion of the data in terms of temporal resolution are presented by Schlunegger [1999] . Additional data are taken from for the Hörnli, Necker, and Steintal sections, and from for the Zurich section.
indicates the directions of the axial drainage for these times. At 25 Ma, maximum deflections of 3000 m occurred in the east, whereas the contemporaneous magnitude of deflection measured significantly less in the west ($2000 m) (Figure 6a ). The distal part of the basin included an area of reduced subsidence as indicated by the arcuate curvature of the 1000 m isopach. Despite this irregularity, paleoflow directions at 25 Ma were east directed, suggesting an eastward tilt of the topographic axis of the basin. We anticipate that this tilt was caused by the deflection of the foreland plate. The flexural pattern of the foreland plate then changed in the early Miocene as indicated by the nearly uniform magnitude of maximum deflection (3000 -4000 m) in the east and in the west (Figure  6b and 6c) . Parallel to this, paleoflow orientation changed from an eastward direction to a situation with no preferred dispersion direction (Figure 6c ). This conclusion is based on the stratigraphic studies by Berger [1996] and Keller [1989] , who revealed that at circa 20 Ma the transgression of the peripheral shallow sea prograded from the Paratethys in the east and the Tethys in the west. Both transgressional tips finally met in the area of Zürich sometime after 20 Ma.
[30] During deposition of the Upper Marine Molasse group (OMM), however, the subsidence pattern of the foreland plate changed, and deflection was enhanced in the west (as opposed to enhanced deflection in the east during the late Oligocene; Figure 6a ). This westward shift of the location of increased subsidence rates is indicated by the asymmetry of the contour lines of depth-to-base of the Molasse strata: at 16.5 Ma and thereafter (Figures 6c and 6d ) the Molasse deposits were significantly thicker in the west ($5000 m at 16.5 Ma) than in the east ($3000 -4000 m). This westward tilt of the foreland plate is likely to have initiated a westward tilt of the topographic axis of the basin. Indeed, during deposition of the upper part of the OMM the paleoflow directions changed toward the west.
Synoptic View of the Alpine Orogen and the North Alpine Foreland Basin
[31] In order to get a synoptic view of the orogenic processes going on at depth and the erosional processes at the surface, as well as the sedimentation linked to the North Alpine foreland basin, three paleogeographic maps were constructed for the time slices of 32, 25 and 15 Ma, i.e., the time from the early Oligocene to middle Miocene, englobing the collision between the European and Adriatic margin. The maps shown in Figure 7 were reconstructed using information about (1) the motion between the Eurasian and African plates that was determined by paleomagnetic data from the Atlantic ocean [Dewey et al., 1989] and (2) the amount of convergence between the European and Adriatic margins during Figure 6 . Depth to base of foreland strata (in 1000 m intervals), interpreted in terms of deflection of the North European foreland plate, and paleoflow direction. Note the westward migration of the location of enhanced deflection in time and the switch from east directed to west directed paleoflow orientations (black arrows). Abbreviations of wells are explained in Table 1. PFIFFNER ET AL.: SWISS ALPS AND PERIPHERAL FORELAND BASIN these time intervals that was determined from palinspastic reconstructions [Pfiffner, 1993b] and balancing of the Eastern Traverse [Schmid et al., 1996 [Schmid et al., , 1997 . The basement uplifts of the Black Forest and Vosges are reference points on the stable foreland. The outline of the external basement uplifts (Aar, Mont Blanc, Aiguilles Rouges, Belledonne, etc.) are taken as they appear on the geological maps and are not retrodeformed. The same applies for the outline of the Ivrea zone (a lower crustal section).
Early Oligocene
[32] Figure 7a shows the situation in Early Oligocene times at 32 Ma. The UMM sea to the north of the Alpine orogen extended from the Vienna Basin westward, narrowing down along the Swiss Alps to nearly zero width south of Geneva. The narrowing is also accompanied by a decrease in thickness of the sandy-shaly basin fill [Pfiffner et al., 1997b] , suggesting a lateral variation of flexing of the European plate at this time. A narrow sea extended southward within the Rhine graben whose opening is indicative of E -W extension in the Alpine foreland [Ziegler, 1987] . The occurrence of the first fan deltas shed into the UMM sea may suggest that the growing Alpine orogenic wedge had built up relief by this time.
[33] Within the Alpine orogen the Penninic nappe stack had already been formed and was undergoing thermal equilibration (Lepontine metamorphism). The tip of the European continent (Adula nappe) had been subducted to depths of around 80 km, had emerged from depth and was injected into the nappe pile [Schmid et al., 1997] . Thickening of the crust in front of the Adriatic mantle wedge by underplating was likely to have produced surface uplift. The lower crustal substratum of the Penninic nappes was subducted beneath the Adriatic mantle wedge in the transect of the Lepontine area. Further west, however, it was partly stacked and underplated in front of the Adriatic mantle wedge.
[34] The structure of the Penninic nappes (upper crust) is different on either side of the Maggia transverse zone. This transverse zone includes the Maggia nappe and is characterized by orogen-normal strike and trend of foliations and stretching lineations [cf. Merle et al., 1989] . The Maggia nappe itself has steeply dipping fault contacts striking orogen-normal, i.e., parallel to the likely transport direction of the Penninic nappes. We interpret this situation as a zone of wrench faulting between an eastern (Lepontine) and western nappe stack, which formed kinematically independent from each other. [35] At 32 Ma the Insubric Line acted as a steeply north dipping backthrust which exhumed the Penninic nappes, but in addition dextral strike slip motion was initiated. To the south of the Insubric Line, the Adamello intrusion had crosscut a preexisting thrust fault within the Southern Alps (the Orobic thrust; see Schönborn [1992] ).
[36] The European crust-mantle boundary was dipping south beneath the Swiss Alps, but was dipping east beneath the Western (French-Italian) Alps. The curved shape of the Moho and the crustal root is indicated by the trace and location of the 40 km structure contour line.
[37] The tip of the Adriatic mantle wedge as determined from geophysical data trends E -W along the Insubric Line and more N -S in the Western Alps [Nicolas et al., 1990; Rey et al., 1990] . The latter orientation represents the orientation of the Jurassic spreading axis of the Piemont ocean, which had opened to the west of the Ivrea zone. The E -W strike of the Insubric Line appears to have been inherited from Cretaceous strike slip or maybe even from a Jurassic transform fault.
Late Oligocene
[38] Figure 7b shows the situation in Late Oligocene times at 25 Ma. By this time, the gravel fans had augmented in volume and prograded out into the Molasse Basin. Subsidence progressed from east to west, as indicated by the westward shift of the location of enhanced rates of alluvial fan construction (shedding of conglomerates in Speer fan initiated at 32 Ma, at circa 30 Ma at Rigi, and from 25 Ma onward in the west). Isopachs suggest higher sediment thicknesses, i.e., more down-flexing, in the eastern part of the Molasse Basin (e.g., the 2000 m isopach is restricted to the Speer and Rigi fans).
[39] Within the orogen, N -S convergence led to the formation of the Helvetic nappes. The Insubric Line still acted as a steep backthrust accommodating strike slip motion. Coeval thrusting along the steeply north dipping Insubric Line and the gently south dipping thrust faults of the Helvetic nappes uplifted the plug in between (including the Lepontine area) causing surface uplift and relief. Rock uplift in the Lepontine area just north of the Adriatic mantle wedge was mainly restricted to the area east of the Maggia transverse zone, and this crustal thickening was counterbalanced by E -W extension along the east dipping Forcola normal fault.
[40] Within the growing wedge, crustal thickening was locally also achieved by backfolding (south of Gotthard and Mischabel in Figure 7b ). South of the Insubric line, thrusting of the so-called Insubric phase propagated outward, extending the retrowedge [Beaumont et al., 1999] . The area just SE of the Ivrea zone (and Ivrea body) lacks significant thrusting, possibly owing to the shield effect of the shallow strong mantle piece. Dextral strike slip related to oblique convergence moved the Adriatic mantle and associated lower crustal wedge toward the Western Alps, thereby loading and flexing the European plate. The shape change and northwestward shift of the 40 km structure contour line of the European Moho reflects this continued crustal thickening and lithosphere flexure.
Miocene
[41] Figure 7c shows the situation in Miocene times at 15 Ma. The OSM gravel fans had shifted farther out into the Molasse Basin. In addition, drainage was now toward the west, and the isopachs indicate higher subsidence rates in the west compared with the rates in the east. This tilt of the basin axis reflects additional loading of the western part of the Molasse Basin and the adjoining Alps. The Adriatic mantle and associated lower crustal wedge and the location of enhanced rates of crustal thickening (Figure 4) had moved farther west. Convergence migrated outward to include the external basement uplifts (Aar, Mont Blanc -Aiguilles Rouge, Belledonne massifs) and, ultimately, the Jura Mountains.
[42] Rapid rock uplift now affected the Penninic nappes located west of the Maggia transverse zone above the Toce culmination [Merle et al., 1989] . This uplift and associated crustal thickening led to E -W extension along the west dipping Simplon normal fault.
[43] South of the Insubric line, the retrowedge widened by thrusting, which had propagated farther to the south (Lombardic phase). Oblique convergence is held responsible for continued dextral strike slip along the Insubric Line and sinistral strike slip in the Western Alps [Ricou and Siddans, 1986] .
[44] Convergence continued after 15 Ma, in the course of which the entire Molasse Basin north of the Swiss Alps underwent a clockwise rotation by 7°-14° [Kempf et al., 1998 ]. This rotation can be perceived as passive rotation of a piggyback basin, associated with folding and thrusting of the Jura Mountains. Shortening within the Jura Mountains increases in a sense compatible with the clockwise rotation. Out-stepping of the thrust front from the internal Molasse Basin to the external Jura Mountains incorporated the basin into the orogenic wedge. As a consequence, the basin fill was transported up along a gently dipping detachment fault and thus raised above base level, which led to yet another reorganization of the drainage system and even removal of parts of the basin fill ].
Flexing the Foreland Plate: Role of the Adriatic Mantle Wedge
[45] The Adriatic wedge beneath the Central Alps comprises lower crustal and mantle lithosphere rocks. We examine the possibility that this wedge formed an extra crustal load in the Alps [Rey et al., 1990] which may have caused enhanced deflection of the foreland plate [Kahle et al., 1997] .
[46] The Adriatic wedge was raised into a structurally high position in the course of Jurassic rifting and subsequent opening of the Piemont ocean. During Cretaceous E -W convergence, this ocean was closed and subducted eastward beneath this mantle wedge. The European plate west of the Western Alps was flexed into this east dipping subduction zone [Rey et al., 1990] . Subsequent N -S convergence flexed the European plate north of the Swiss Alps down into a south dipping subduction zone. This created a curved depression in the plate, which made a bend of roughly 90°around the arc of the Western and Swiss Alps.
[47] We assess the relative influence of the subcrustal load that may arise from the Adriatic mantle and associated lower crustal wedge for a profile through eastern Switzerland (see Figure 1 for location). Restored sections of the foreland basin and the Alpine orogen at Oligocene (32 Ma) and Early Miocene times (19 Ma) are taken from Pfiffner et al. [2000] . The sections at these times constrain the northern pinch out of the foreland basin deposits, the position of the northern front of the paleo-Alps, as well as the shape of the European plate beneath the orogen as derived from PFIFFNER ET AL.: SWISS ALPS AND PERIPHERAL FORELAND BASIN Figure 8a , except for the density of the topographic load, which is 2800 k gm À3 everywhere. The fit to the European plate deflection (indicated with diamonds) is remarkably good. metamorphic and structural data from within the orogen. They also suggest that the European plate was flexed more at 32 Ma as compared to 19 Ma.
[48] Our approach is the following: We first search for a model that best fits the reconstructed deflection at 32 Ma. We then use this model to analyze the effect which the disappearance of the Adriatic mantle wedge may have had on the deflection.
Numerical Modeling of the European Plate Deflection
[49] To simulate the geometry of the down-flexed European foreland plate, we load an elastic, broken plate floating on a fluid substratum. We do not calculate a time evolution, but assume a static model which is representative for the situation at one time in the past. The modeling method which we use is described in more detail by Buiter et al. [1998] . The thickness of the flexed plate is an effective elastic thickness. This effective thickness is used to simulate the behavior of real lithosphere with a depth-dependent (continental) rheology. Previous analyses of the Swiss Alpine foreland deflection show a rather wide range, of 5 -50 km, for the effective elastic thickness for this region [e.g., Karner and Watts, 1983; Sinclair et al., 1991; Royden, 1993; Stewart and Watts, 1997; Burkhard and Sommaruga, 1998 ]. In our modeling, the effective elastic thickness is used as a free parameter.
[50] The foreland plate is deflected under various loads: (1) the load of topography (the Alpine thrust belt), (2) the load of sediments deposited in the foreland, (3) an extra (subsurface) load related to the Adriatic mantle and lower crustal wedge, and (4) an end load associated with the deeper part of the subducted slab, which is simulated through a bending moment (M ) and a shear force (V ).
[51] The topographic load included all material present between the topographic profile at the Earth's surface and the top of the subducting plate. Since the topography in the past is not known exactly, we use a constant elevation of 2 km which is comparable to the average value of the present-day situation. The sensitivity to this assumption is discussed in section 6.2. Sediments are present between the thrust belt and the forebulge to a depth of 5 km. They constitute a relatively small load. Water was not considered because we are dealing with a very shallow basin.
[52] We systematically vary the effective thickness of the elastic plate and the end load (both M and V ) until a good fit to the reconstructed deflection geometry of the European foreland plate is obtained. This is somewhat similar to the approach taken by Andeweg and Cloetingh [1998] for the German-Austrian Molasse Basin, and differs from studies where the present-day geometry of Alpine foreland deflection is modeled [e.g., Karner and Watts, 1983; Royden, 1993; Gutscher, 1995; Burkhard and Sommaruga, 1998 ]. We use data points of the reconstructed foreland plate deflection down to depths of 60 -80 km, which is well below the foreland basin depths considered in most plate flexure studies of this area. The fit is measured by a root-mean-square difference between calculated deflection and data.
[53] The first step in analyzing the effect of changes in loading of the foreland plate consists in finding a best fit to the reconstructed deflection at 32 Ma (Figure 8a) . At that time, the Adriatic wedge (Ivrea body) was present in the region under consideration. We use a density of 2800 kg m À3 for the topographic load and simulate the denser Adriatic wedge through a higher density of 3000 kg m À3 which is applied uniformly with depth south of the location marked in the profile of Figure 8a . The best fit is obtained for an effective elastic thickness of 35 km (Figure 8a) . The values of modeling parameters used are given in the caption to Figure 8 . We obtained a good fit to the deflection data without having recourse to varying the value of effective elastic thickness laterally along the profile. The effect of lateral heterogeneities is discussed in section 6.2. We found that a good fit can be obtained for lower values of effective elastic thickness in case only shallower deflection data are used [e.g., Sinclair et al., 1991; Schlunegger et al., 1997; Burkhard and Sommaruga, 1998 ].
[54] The next step consists in evaluating the effect which the disappearance of the denser mantle wedge might have had on the plate deflection. Between 32 Ma and 19 Ma the wedge moved out of the section under consideration by dextral strike slip along the Insubric Line. We calculated the deflection at 19 Ma, using the same effective elastic thickness and the same deep load (M and V ) as for 32 Ma. Given the absence of the Adriatic wedge, the density of the topographic load was taken as 2800 kg m À3 everywhere. The reduction in the topographic load clearly reduces the deflection of the foreland plate, as shown in Figure 8b .
[55] The final step consists in comparing the calculated shape of the model plate to the reconstructed deflection at 19 Ma. The fit between the two deflection profiles is remarkably good. It should be emphasized here that we have not sought to fit the 19 Ma deflection data. Rather, we just have examined the effect of a reduction in the topographic load, using the values for elastic thickness, bending moment and shear force as derived from the 32 Ma deflection geometry.
Sensitivity to Model Parameters
[56] There are parameters which are ill-defined by the geologic record and which might significantly affect our model results: topographic profile and possible lateral variations in elastic thickness and uncertainties. Another uncertainty concerns the dip of the flexed plate beneath the orogen. We calculated a series of models (not shown here) to explore the sensitivity of our results to these parameters and discuss them briefly.
[57] Our reference model uses an average elevation of 2 km for the orogen. This value is comparable to the present-day situation, which is characterized by an average elevation of 1700 m along the transect studied here [Kühni and Pfiffner, 2001] . There are no indications that the topography was significantly different in Oligocene or Miocene times. We therefore analyzed the cases with mean elevations of 1 km and 3 km, which we consider to represent lower and upper end-members. For both cases we found the influence of the change in elevation to be small. The parameters which yield a fit between the model and the restored geometry at 32 Ma (Figure 8a ) also predict the shape of the restored geometry at 19 Ma (Figure 8b ) with the mantle wedge removed. For mean elevations of 1 km the elastic thickness is calculated to be 35 km; for 3 km this value is 30 km.
[58] In another model series we addressed the uncertainty in the dip angle of the restored geometries at 32 Ma and 19 Ma. This uncertainty includes the error in pressure-temperature ( p-T) conditions obtained from petrologic studies and the error inherent in not properly placing the samples (ore thrust sheets) of known p-T conditions upon retrodeformation. We estimate that the upper and lower bound for the error would place the southernmost data point of the subducting slab 10 km higher, 10 km lower than the reference model at 32 Ma, respectively (Figure 8a ). Again, we found that using the parameters obtained to fit the geometry at 32 Ma, the deflection at 19 Ma is mimicked rather accurately when the mantle wedge is removed. The elastic thickness for a steeper dip at 32 Ma is determined at a value of 35 km; at a shallower dip, it is determined at a value of 30 km.
[59] It could be argued that the elastic thickness might show lateral variations owing to tectonic thinning or weakening as a result of higher temperatures. We therefore replaced the homogeneous flexed slab of the reference model by a lateral variation in elastic thickness. It is to be expected that the effective elastic thickness decreases with depth, but we have no constraints for the magnitude of this decrease. Therefore we chose and present just one model out of the large number of imaginable variations. The elastic thickness at the southern end beneath the orogen is set to 50% of the value in the model foreland. We adopted a linear increase from 50% at the southern end to 100% over a distance of 120 km (i.e., the slab south of the bulge in Figure 8a ). The best fit is obtained for an elastic thickness of 50 km (25 km at the southern end). The parameters determined to fit the model geometry at 32 Ma predict the shape at 19 Ma, with the mantle wedge removed, rather well.
[60] In all our calculations the Adriatic wedge only loads the end of our plate, and it could be argued, therefore, that its effect cannot have been large. However, we are certain that there has been a reduction in the total loading of the plate between 32 and 19 Ma. We deduce this from a separate calculation in which we sought a best fit for the 19 Ma deflection, i.e., by varying the end load (M and V ). The loads obtained for this best fit are smaller than the loads for the 32 Ma best fit, indicating that the total load was reduced.
[61] We thus conclude that the conclusions drawn from the reference model are robust and that the presence of the Adriatic mantle wedge significantly influenced the steepness of the flexed subducting European plate in Oligocene and Miocene times.
Conclusions
[62] Oblique convergence with associated dextral strike slip along the Insubric Line displaced the Adriatic wedge westward relative to the European plate. Our compilation reveals that within the same time interval the location of maximum subsidence in the Molasse Basin, as indicated by the thicknesses of the accumulated sediments, also migrated westward, and that the drainage pattern changed from an easterly flow to a westerly flow of paleorivers. This coincidence in time and space is explained by flexing of the European plate associated with the extra deep lithospheric load represented by the Adriatic wedge.
[63] Oblique convergence is also held responsible for the shift of the locus of rock uplift, surface uplift and denudation in the metamorphic part of the orogen. Exhumation of the Lepontine area occurred in response to collision at a time when the Adriatic wedge was located immediately to the south of the uplifting area in Oligocene times. Later, Miocene exhumation in the Toce area was caused by the same Adriatic wedge which had moved farther west in the meantime. In both metamorphic cores, rock and surface uplift involved crustal shortening by nappe stacking and back thrusting along the Insubric Line. The difference in nappe structure within these two areas points toward an independent kinematic evolution. As a consequence, the Maggia transverse zone, which marks the border between these two areas, evolved and compensated the necessary shear strains.
[64] Convergence between the Adriatic margin and the subducting European plate led to crustal thickening and, associated with shortening, positive relief (surface uplift), which in turn created topographic loads. These loads are held responsible for a further down-flexing and shaping of the foreland basin. We interpret the generation of relief by an adjustment to critical taper geometry [Dahlen, 1984] . Down-flexing increased the basal slope, which required an increase in the surface slope, which in turn increased river gradients and erosion. Thus the triggering of shedding of pebbles in the foreland basin, and its migration along the orogen, is intimately linked to the effects of crustal shortening.
[65] It appears therefore that the Swiss Alps are an orogen showing how crustal processes exert a first-order control on surface processes. Lithospheric loads (mantle and lower crustal wedges) influenced the shape of the European plate deflection, but also the buildup of relief by crustal shortening and nappe stacking, and ultimately the nature of the sedimentary infill and timing of basin formation.
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